Phytohemagglutinin from Phaseolus vulgaris (PHA-E), a legume lectin, has an unusual specificity toward biantennary galactosylated N-glycan with bisecting N-acetylglucosamine (GlcNAc). To investigate the interaction in detail, we have solved the crystal structures of PHA-E without ligand and in complex with biantennary N-glycan derivatives. PHA-E interacts with the trisaccharide unit (Galβ1-4GlcNAcβ1-2Man) in a manner completely different from that of mannose/glucose-specific legume lectins. The inner mannose residue binds to a novel site on the protein, and its rotation is opposite to that occurring in the monosaccharidebinding site of other lectins around the sugar O3 axis. Saturation-transfer difference NMR using biantennary digalactosylated and bisected glycans reveals that PHA-E interacts with both antennas almost equally. The unique carbohydrate interaction explains the glycan-binding specificity and high affinity.
Introduction
The legume lectins are the largest and most thoroughly studied family of simple lectins and almost all are isolated from plant seeds (Lis and Sharon 1998) . These lectins consist of two or four identical or almost identical subunits, each containing one carbohydrate-binding site and two metal ion-binding sites for calcium and manganese ions. Their wide range of specificities for monosaccharides as well as for complex carbohydrates has made the legume lectins a model system for proteincarbohydrate recognition (Sharon and Lis 1990; Loris et al. 1998) . Legume lectins are predominantly classified into two classes: (i) mannose/glucose (Man/Glc)-specific group such as concanavalin A (Con A) and pea lectin and (ii) galactose/ N-acetylgalactosamine (Gal/GalNAc)-specific group that includes peanut lectin and soybean agglutinin (SBA). An exception is a group of lectins called phytohemagglutinin (PHA) from the seeds of red kidney bean Phaseolus vulgaris. It is classified as a "complex-type" specific group, since these lectins show preference for complex-type N-glycan, not for monosaccharide. The primary carbohydrate-binding site of all legume lectins is a shallow cleft on loops associated with the concave face of the seven-stranded β-sheet (Young and Oomen 1992) . In Man/Glc and Gal/GalNAc type lectins, it is formed by a number of residues on five loop regions, specifically Loops A-E (Sharma and Surolia 1997; Imberty et al. 2000) .
There are five different tetramer populations of PHA consisting of two polypeptide chains called E and L in all possible combinations, E 4 , E 3 L, E 2 L 2 , EL 3 and L 4 (Weber 1969; Yachnin and Svenson 1972; Leavitt et al. 1977) . The E-and L-type subunits are responsible for the erythroagglutinating and leucoagglutinating properties of the PHA fraction, respectively (Miller et al. 1975; Leavitt et al. 1977; Egorin et al. 1979) . PHA-E binds di-galactosylated and bisected N-glycan (Irimura et al. 1981) . Bisecting N-acetylglucosamine (GlcNAc) is essential for binding and two Gal residues on both arms must be present (Cummings and Kornfeld 1982) . In addition to bisecting GlcNAc, interaction requires galactosylation on the Manα1-6 arm, but not on the Manα1-3 arm, (Yamashita et al. 1983) . There is, however, a report of weak binding to nonbisected and galactosylated N-glycans at low temperatures (Yamamoto et al. 2002) . PHA-E is now widely used as a biochemical tool for detecting bisecting GlcNAc-and Gal-bearing glycoproteins (Yamashita et al. 1983) . Although PHA-L possesses 70% amino acid sequence identity with PHA-E ( Figure 1A ), the binding specificity is different. The minimal structural unit for high-affinity binding by PHA-L is the pentasaccharide unit Gal(β1-4)GlcNAc(β1-2) GlcNAc(β1-6)] Man, which is found in tetra-and tri-antennary complex-type oligosaccharides of mammalian origin (Hammarström et al. 1982) .
There are over 200 structures of legume lectins in the Protein Data Bank (Glyco3D, http://glyco3d.cermav.cnrs.fr/). To date, however, the way "complex-type"-specific legume lectins recognize ligand has not been elucidated. Here, we first characterized the primary sequence and posttranslational modifications/ proteolysis of PHA-E and then performed crystallographic and solution NMR analyses in order to understand the mechanistic details of the specificity of PHA-E for cognate ligand.
Results

Cloning of PHA-E gene and sequence analysis
The PHA-E sample used in this study was isolated from a natural source; therefore, we investigated its primary sequence prior to three dimensional (3-D) structural analysis. We cloned the PHA-E gene from red kidney beans, the source of the PHA-E used in this study, and from that determined the amino acid sequence (Supplementary data, Figure S1 ). The sequence (Genbank accession number: AB823629) conflicts at residues 88-90 with a previously reported amino acid sequence (UniProt entry P05088 (Hoffman and Donaldson 1985) ). The triplet is Ser88-Phe89-Ala90 in our protein, whereas it is Ala88-Ser89-Pro90 in P05088. The amino acid sequence of PHA-L (UniProt entry P05087), closely related to PHA-E, possesses the sequence Ser87-Phe88-Ala89 at the corresponding region.
N-terminal amino acid sequencing of PHA-E was then performed in order to check the purity, and in particular to establish the absence of PHA-L contamination. Edman degradation of the sample gave ASQTSFSFQR showing that the N-terminus starts at Ala22. No other sequence was detected (data not shown). The corresponding sequence of PHA-L is S22-NDIYFNFQR and differs from that of PHA-E. PHA-E is evidently dominant in the sample and PHA-L not a significant contaminant.
Possible posttranslational modifications and proteolysis were assessed by mass analysis of the whole protein.
The mass spectrum shows six major peaks (Supplementary data, Figure S2 ), attributable to C-terminal proteolysis and N-glycan heterogeneity. It appears that almost half of the PHA-E molecules acquire post-translational proteolysis at the Asn265/Leu266 peptide bond and that the proteolysis seems not to correlate with N-glycan structure.
Overall structure of PHA-E In order to determine the 3-D structure of PHA-E, we first crystallized PHA-E in a ligand-free form. To exclude model bias, the phases of the unliganded form were determined by the single anomalous dispersion method using bromide derivatives (Table I) . Crystals of ligand-free PHA-E diffracted up to 2.45 Å resolution in a P4 1 2 1 2 space group. The overall structure of PHA-E has a typical legume lectin fold characterized by two antiparallel β-sheets and two short α-helices (Supplementary A novel glycan recognition mode by PHA-E lectin data, Figure S3 ). The crystal structure of PHA-E contains one GlcNAc residue of the N-linked glycan at Asn33.
Crystals of PHA-E in the unliganded form contain two subunits, A and B, in the asymmetric unit ( Figure 1B ). Tetrameric legume lectins can be considered dimers of dimers, and the PHA-E tetramer relates to a 2-fold crystallographic symmetry axis in the crystal packing (Supplementary data, Figure S4A ). In the asymmetric unit, inter-subunit interaction is attained mainly through hydrophobic interactions on the side chains of the β12 and β13 strands, while tetramer formation of the two dimers occurs through the intermolecular β-sheets via the β1 strand (Supplementary data, Figure S4B ). Thus, the tetramer formation of PHA-E is nearly identical to that of PHA-L (Hamelryck et al. 1996) . Intriguingly, weak and discontinuous electron density is observed between the two subunits of PHA-E (Supplementary data, Figure S5 ). We assigned this portion as the C-terminal helix (Asn265-Leu271) of subunit B. This suggests that the hydrophobic residues (Leu264, Leu266, Phe269 and Leu271) in this helix contribute to the connection between the two subunits via hydrophobic interactions.
Structure of PHA-E in complex with galactosylated biantennary glycan To clarify how PHA-E recognizes biantennary glycan, we co-crystallized the protein with a hexasaccharide derived from monogalactosylated biantennary complex-type glycan ( Figure 1A ). The crystals diffracted up to 1.75 Å resolution in a C222 1 space group, and contained two subunits, labeled complex A and complex B, in the asymmetric unit ( Figure 1B) . The overall structure of the ligand-bound form is essentially identical to that of the unliganded form (Supplementary data, Figure S3 ). However, structural differences are found in the metal ion and the carbohydrate-binding sites. Electron density originating from the Loop C region (Asp147-Arg159) is present and an electron density map of two metal ions is clearly observed. The structure also shows clear electron density corresponding to three carbohydrate residues, Gal(β1-4)GlcNAc (β1-2)Man, of the α1-3 arm in the binding site of complex A ( Figure 1C, upper panel) . On the other hand, in complex B, the electron density map of the Gal residue is ambiguous and only two carbohydrate residues, GlcNAc(β1-2)Man, are modeled into the electron density map ( Figure 1C, lower panel) . The glycan-protein interaction mode is almost the same between complex A and complex B except for the Gal residue (Table II, Supplementary data, Figure S6 ). Since the mannose residue on complex B and the other mannose on symmetry-related complex B are so close, being only 5.8 Å apart, it is likely that one N-glycan chain bridges two protein molecules in the crystal. Actually, the structure of biantennary complex-type glycan (GlcNAc(β1-2)Man(α1-3)[GlcNAc(β1-2)Man(α1-6)] Man, Protein Data Bank (PDB) code 1TEI) can be well modeled into the two symmetry-related complex B subunits with only slight adjustments of torsion angles (Supplementary data, Figure S7 ). The quality is better in complex A and therefore, the structure we describe hereafter pertains to complex A unless otherwise stated.
Binding mode of galactosylated glycan
The trisaccharide of the α1-3 arm is buried in the carbohydratebinding site and makes extensive protein contacts, while Man-3 
and the α1-6 arm of the glycan point away from the protein toward the solvent. The mannose on the α1-3 arm (Man-4) is located in the vicinity of the principle monosaccharide-binding site ( Figure 2A ). The Man-4 O4 directly interacts with the backbone nitrogen atom of Gly125 in Loop B and is involved in water-mediated hydrogen bonding with the carbonyl oxygen of Lys123 also in Loop B. A water molecule (Wat1 in Figure 2A ) bridges ligand and protein making hydrogen bonds with GlcNAc-5 O5 and Man-4 O3, and the Oδ atom of Asp107 in Loop A and the Nδ atom of Asn151 in Loop C, respectively. The acetyl oxygen atom (O7) of GlcNAc-5 directly interacts with the Nδ atom of Asn151. The GlcNAc-5 O6 makes a hydrogen bond with the backbone amide atom of Ile236. As for the nonreducing galactose (Gal-6), one hydrogen bond is observed between its O2 and the Nδ atom of Asn240 in Loop D.
In addition, the hydrophobic B-face of the Gal-6 ring makes van der Waals contact with the side chain of Leu149. The side chain of Ile236 in Loop D also provides hydrophobic contact with the B-faces of Man-4 and GlcNAc-5.
Comparison with Con A The structures of Man/Glc type legume lectins such as Con A have been studied for more than four decades (Hardman and Ainsworth 1972) . Structural comparison with Man/Glc type legume lectins highlights the unique ligand recognition mechanism of PHA-E. Hereafter, we compare the PHA-E structure using a high-resolution crystal structure of Con A in complex with Man(α1-2)Man (Sanders et al. 2001 ) as representative of the basic mannose-recognition mode of Man/Glc type lectins (Supplementary data, Figure S8) . Surprisingly, the positions of O3 of Gal-6, Wat1 and O6 of GlcNAc-5 in PHA-E coincide well with those of O3, O4 and O5 of mannose in Con A, respectively ( Figure 2A ). These atoms are stabilized by a common hydrogen bond network. In the Con A complex, the O3 of mannose interacts with the nitrogen atoms of the backbone and the side chain of Arg228; the O4 of mannose makes hydrogen bonds with the side chains of Asn14 and Asp208 and the main chain of Arg228; the O5 of mannose makes an hydrogen bond with the main chain of Leu99. The position of a water molecule in Con A (Wat3 in Figure 2A ) superimposes well on the N-acetyl oxygen atom of GlcNAc-5 in PHA-E. The nonreducing mannose fits into the classical monosaccharide-binding site of Con A (Figure 2A ). In contrast, PHA-E unexpectedly interacts with Man-4 using a novel site which has not been characterized or even predicted. Furthermore, the relative orientation of Man-4 of PHA-E is completely flipped compared with that of the mannose in Con A ( Figure 2B ). Con A-bound Man(α1-2)Man can be superposed on the PHA-E structure without any steric clash ( Figure 2C , left panel). However, the PHA-E-bound trisaccharide unit, Gal (β1-4)GlcNAc(β1-2)Man, cannot be placed in Con A without serious steric hindrance ( Figure 2C , right panel). In legume lectins, bulky side chains in Loop C provide hydrophobic contacts with the B faces of the sugar rings in the monosaccharidebinding site ( (Sanders et al. 2001) , Figure 3A and B). In Con A novel glycan recognition mode by PHA-E lectin A, there is hydrophobic interaction between the side chain of Tyr12 in Loop C and a mannose residue ( Figure 3B ). In contrast, in PHA-E, the corresponding residue is replaced with Leu149 ( Figure 3C and D) . This substitution may contribute to the unique carbohydrate recognition of PHA-E.
Binding mode of bisected glycan
In order to examine the contribution of bisecting GlcNAc to PHA-E binding, we next performed a crystallographic analysis of a complex between PHA-E and bisected hexasaccharide GlcNAc(β1-2)Man(α1-3)[GlcNAc(β1-4)][GlcNAc(β1-2)Man (α1-6)]Manα1-O-methyl. The soaked crystal diffracted up to 2.0 Å resolution, and an electron density map was observed from the GlcNAc(β1-2)Man disaccharide unit in both complex A and complex B ( Figure 1D ). The binding mode of the GlcNAc(β1-2)Man disaccharide unit is almost the same as that of a monogalactosylated glycan-PHA-E complex, and essentially no differences are found in complex A and complex B (Table II , Supplementary data, Figure S6 ). We could not identify electron density originating from the bisecting GlcNAc residue. This lack suggests that the contribution of bisecting GlcNAc to the carbohydrate-PHA-E interaction is weak compared with the strength of the Gal residue contribution.
Solution NMR analysis of PHA-E-biantennary glycan interaction
The crystal structure clearly indicates that the trisaccharide unit Gal(β1-4)GlcNAc(β1-2)Man is critical to ligand binding. The trisaccharide unit could be located either at the α1-3 or the α1-6 branch of the biantennary glycan ( Figure 4A ). To investigate the branch preference of PHA-E, we performed a saturation-transfer difference (STD)-nuclear magnetic resonance (NMR) experiment to identify the epitope using di-galactosylated biantennary complex-type N-glycan with bisecting GlcNAc and core fucose as a fluorescently labeled derivative. Although most of the NMR signals from the α1-3 and α1-6 branches overlap, the signals from the methyl protons of the GlcNAc residues are clearly separated and thus can be used as a reliable probe for branch-specific epitope mapping. In the STD-NMR spectrum, the signals of GlcNAc-5 and 5′ methyl protons show almost comparable intensities (normalized amplification factor (AF): 96 and 97%, respectively). This indicates that both GlcNAc-5 and 5′ residues in both α1-3 and α1-6 branches contribute equally to binding PHA-E ( Figure 4B ). The STD signal intensity of GlcNAc-2 is almost the same (AF: 100%) as those of GlcNAc-5 and 5′, suggesting that its methyl group also interacts with PHA-E. The STD signal intensities of the methyl protons from GlcNAc-9, GlcNAc-1 and Fuc are relatively weak (54, 37 and 28%, respectively), indicating that these methyl protons at the reducing ends are outside the binding interface. These observations indicate that, in solution, PHA-E interacts with both α1-3 and α1-6 branches of the biantennary glycan and that the GlcNAc-2 residue in the core region is also involved. To validate this conclusion, simple modeling of the entire glycan onto the glycan-PHA-E complex was performed (Supplementary data, Figure S9 ). We assume that either the Manα1-3 arm or the Manα1-6 arm can be involved in the PHA-E interaction. In both cases, the GlcNAc-2 residue is in close proximity to the Loop B region while the GlcNAc-1 and Fuc residues are apart from the protein molecule, in agreement with the STD-NMR results. Interestingly, the O4 atoms of Man-3 which connect to the bisecting GlcNAc are rather exposed to solvent in both cases. This implies that the bisecting GlcNAc residue does not directly interact with PHA-E, consistent with the crystallographic findings using bisected glycan as a ligand ( Figure 1D ).
Discussion
We characterized the primary sequence and post-translational modification/proteolysis of PHA-E lectin prior to X-ray crystallographic and NMR analyses. The DNA sequence (AB823629) is close to but not identical with that reported previously (UniProt: P05088). The post-translational proteolysis identified in this study can be compared with those in previous reports of PHA-E, PHA-L and their various tetramer combinations. Almost half of the PHA-E molecules in our study are C-terminally processed between Asn265 and Leu266. In contrast, Young et al. (1995) reported that nearly all PHA-E molecules in their preparation had been processed at Leu264/ Asn265 and Asn265/Leu266. Half C-terminal proteolysis has also been observed in PHA-L lectin (Bardor et al. 1999) . The degree of proteolysis may be influenced by physiological conditions. Nonetheless, the crystal structure of PHA-E in itself explains half C-terminal cleavage (see the Discussion section below). A sequence-specific protease seems to be involved as the cleavage is site-specific. In fact, enzymes prepared from Phaseolus vulgaris exhibit hydrolytic activity directed at asparaginyl bonds (Csoma and Polgár 1984 ). An asparaginyl endopeptidase is implicated. H-NMR spectrum (upper) of the biantennary glycan in the presence of PHA-E. The assignment of each peak is based on previous reports (Takahashi et al. 1987; Fujii et al. 1990) , and normalized AF (GlcNAc-2 signal is set to 100%) is shown in parentheses. The signal indicated with an asterisk originates from PHA-E protein.
(C) Hypothetical-binding schemes (i and ii) of PHA-E deduced from STD-NMR study. (i) PHA-E interacts with biantennary glycan in two different ways in solution (upper). (ii) One biantennary glycan bridges two PHA-E molecules (lower).
A novel glycan recognition mode by PHA-E lectin
The secondary structure and topology of PHA-E are almost the same as those of PHA-L (Hamelryck et al. 1996) , thus an hetero-tetramer such as E 2 L 2 is likely formed through the intersubunit hydrogen bonds observed in E 4 and L 4 homo-tetramers. An interesting finding is that electron density from the C-terminal helix (Asn265-Leu271) of subunit B was observed between the PHA-E subunits. Electron density of the corresponding C-terminal region of subunit Awas absent. It is plausible that the C-terminal region of one subunit (subunit A in this crystal) is exposed to solvent and subject to attack by a specific protease while the corresponding region of the other subunit (subunit B in this crystal) is buried and shielded from attack, thereby explaining the half proteolysis of the C-terminal region. Similar observations were reported for soybean (Glycine max) agglutinin and horse gram (Dolichos biflorus) seed lectin (DBL), in which a C-truncated subunit and a nontruncated subunit face each other in the tetramer (Dessen et al. 1995; Hamelryck et al. 1999) . Importantly, the position of the C-terminal helix in PHA-E coincides well with those in SBA (PDB code 1G9F, (Buts et al. 2001) ) and DBL (PDB code 1BJQ). In PHA-L, some uninterpretable electron density is also seen in the space between two subunits, presumably due to the C-terminal regions of two of the four subunits (Hamelryck et al. 1996) .
PHA-E reportedly binds specifically to glycan containing both terminal Gal and bisecting GlcNAc (Irimura et al. 1981; Cummings and Kornfeld 1982; Yamashita et al. 1983 ). This agrees with glycan array data in the Consortium for Functional Glycomics (http://www.functionalglycomics.org/) and frontal affinity chromatography data in the Lectin Frontier Database (http://riodb.ibase.aist.go.jp/rcmg/glycodb/LectinSearch), in which PHA-E shows high affinity for mono and di-galactosylated complex-type glycans with bisecting GlcNAc and weak or no affinity for bisected glycans lacking Gal. Our STD-NMR results show that PHA-E interacts with both α1-3 and α1-6 branches of di-galactosylated and bisected glycans. One possible binding mechanism is that the PHA-E-glycan complex in solution exists as a dynamic equilibrium between two interaction modes ( Figure 4C , upper panel), in which either the α1-3 or the α1-6 branch engages with PHA-E. Dual binding modes could be a mechanism to enhance affinity. STD-NMR indicates that the methyl protons of the bisecting GlcNAc do not interact strongly with PHA-E and the existence of two interaction modes implies that the contribution of the bisecting GlcNAc to binding is somewhat small. Another possibility is that one branched glycan simultaneously binds to two PHA-E molecules ( Figure 4C , lower panel). Such bridging should be possible in solution at certain protein/ligand ratios, as observed in the crystal (Supplementary data, Figure S7 ). It is unlikely that the one branched glycan simultaneously binds to two subunits within the same PHA-E molecule, because the four binding sites are distant from each other (Supplementary data, Figure S4A ). So how does bisecting GlcNAc contribute to specificity? One explanation could be that the residue restricts glycan conformations. Support comes from replica exchange molecular dynamics simulation studies, which suggest that bisecting GlcNAc changes the equilibrium among glycan conformers such that the number of major conformers (at least in the case of biantennary complex-type bisected glycans) is reduced from five to two (Nishima et al. 2012) . Reducing the number of ligand conformers may favor interaction with PHA-E by decreasing entropic loss upon binding to the protein. Similarly, low temperature may reduce the rate of transition between conformers and enhance the apparent affinity, and this would explain the unexpected findings of Yamamoto et al. (2002) that nonbisected and galactosylated glycan bind weakly to PHA-E at low temperature. Another possibility for bisecting GlcNAc specificity is direct interaction of the residue with the protein. Direct interaction is observed in the mouse dendritic cell inhibitory receptor (DCIR2)-bisected glycan complex structure, where the bisecting GlcNAc hydrogen bonds to the protein (Nagae et al. 2013 ).
Prior to this study, there were five crystal structures of legume lectins in complex with biantennary complex-type glycans in the PDB. All of these proteins belong to the Man/ Glc type lectins and accommodate a mannose residue in their monosaccharide-binding site. In proximity to this residue and the monosaccharide-binding site, there are subsites harboring additional saccharide residues attached to mannose O1 and these are designated the downstream subsites +1, +2, +3, while the residues attached to mannose O2 form the upstream subsite −1 (Loris et al. 2004) . A prominent feature of PHA-E glycan recognition is that the direction toward subsite +1 is opposite to that in Man/Glc type lectins (Supplementary data, Figure S8 ). LOL-1 ( Figure 3A (Bourne et al. 1992) ) and LOL-2 (Figure 3A (Bourne et al. 1994) ) from Lathyrus ochrus recognize Man-4 in the monosaccharide-binding site, while Con A ( Figure 3B (Moothoo and Naismith 1998)), PAL from Pterocarpus angolensis ( Figure 3B (Buts et al. 2006) ) and PELa from Platypodium elegans ( Figure 3B (Benevides et al. 2012) ) recognize Man-4′ in the same site. The residue preference determines the arrangement of the bound N-glycan, according to whether Man-4 or Man-4′ is accommodated in the monosaccharide-binding site. Interestingly, the position of Man-3 in all the five structures coincides well irrespective of the individual preference for branches. In contrast, the position of Man-3 in PHA-E is quite different due to its flip at the monosaccharide-binding site ( Figure 3C ). This unique arrangement of the bound glycan is likely due to the replacement of conserved aromatic residue (Phe or Tyr) with Leu residue (Leu149) in PHA-E ( Figure 3D ) and enables the Loop B region to interact directly with the bisecting GlcNAc residue (see the Discussion section below).
Regardless of the high sequence identity between PHA-E and -L, the carbohydrate specificities of these two lectins are different. The β1-6 branched complex-type pentasaccharide Gal(β1-4) GlcNAc(β1-2)[Gal(β1-4)GlcNAc(β1-6)]Man is the minimal ligand for PHA-L (Hammarström et al. 1982) . Since this ligand includes the trisaccharide unit, Gal(β1-4)GlcNAc(β1-2)Man, it is plausible that PHA-L also recognizes the trisaccharide of complex-type glycans. This idea is supported by the fact that the amino acid residues interacting with this trisaccharide unit are well conserved (Supplementary data, Figure S1 ). The structures of PHA-E and -L superimpose well with an root mean square deviation (rmsd) of 0.5 Å for 229 equivalent Cα atoms; however, the conformations of the Loop B regions are slightly different ( Figure 5 ). Biochemical studies using a series of PHA-E/PHA-L chimeric proteins demonstrate that the high ligand specificities of PHA-E and -L are mainly attributable to the Loop B region (Kaneda et al. 2002) . The binding of Man-4 to PHA-E in a flipped manner brings Man-3 O4, and the bisecting GlcNAc linked to it, close to Loop B (Supplementary data, Figure S9 ). This arrangement might enable the Loop B region to interact directly with the bisecting GlcNAc. This possibility, however, seems unlikely because the NMR data do not support a close association between the bisecting GlcNAc methyl group and Loop B. Rather, GlcNAc-2 may just approach the Loop B (Supplementary data, Figure S9 ). Similarly, Man-4 O6, which extends the β1-6 branch, also just points toward the Loop B region. In contrast, in PHA-L, the sugar residues in the β1-6 branch are likely to interact directly with the corresponding Loop B region ( Figure 5 ).
In conclusion, our structural analyses provide the first structural insights into the carbohydrate recognition mode of a "complex-type" legume lectin and reveal a novel ligand recognition mechanism for PHA-E. The flip of a mannose residue in the monosaccharide-binding site of the protein is crucial. Despite possessing a common legume lectin fold, PHA-E has unusual features at its ligand binding site that distinguish this lectin from the other legume lectins characterized thus far.
Materials and methods
Materials
Freeze-dried powder of purified PHA-E protein was purchased from J-Oil Mills, Inc. The monogalactosylated glycan Gal Figure 1A ) were chemically synthesized (Hanashima et al. 2005; Hanashima et al., manuscript in preparation) .
Preparation of galactosylated biantennary complex-type N-glycan Sheep immunoglobulin G (IgG) was purchased from Innovative Research Inc. The N-linked glycans attached onto IgG were liberated by hydrazinolysis. Lyophilized IgG (1 g) was stirred with anhydrous hydrazine (30 mL) for 10 h at 100°C under N 2 flow. After cooling to room temperature, the solvent was evaporated, and co-evaporated with toluene three times. The residue was dissolved in saturated NaHCO 3 solution (100 mL), placed in an ice-water bath, acetic anhydride (4 mL) was added and the mixture vigorously stirred. After 5 min, additional saturated NaHCO 3 solution (100 mL) and acetic anhydride (4 mL) were added, and at 25 min the mixture was desalted with an electrodialyzer. When the electrical conductivity reached below 1.0 mS/cm, the solution was concentrated and stored as an aqueous solution (40 mL). After elimination of denatured protein, the released oligosaccharides were tagged with 2-aminopyridine and sodium cyanoborohydride (Yamamoto et al. 1989) . The pyridylamino derivatives of oligosaccharides were applied onto a Shim-pack HRC-ODS column (6.0 mm × 15 cm, Shimadzu, Kyoto, Japan). The LaChrom Elite high performance liquid chromatography (HPLC) system (Hitachi, Japan) was used with the chromatographic conditions reported previously Takahashi et al. 1995) . The target oligosaccharide, di-galactosylated biantennary glycan with bisecting GlcNAc and core fucose, was pooled and desalted using an InertSep column (GL Science). The chemical structure was identified by mass spectrometry (MS) and 1 H-NMR. The typical yield of the target glycan was 120 μg from 200 mg of IgG.
cDNA cloning of PHA-E gene from Phaseolus vulgaris To determine the amino acid sequence of PHA-E, total RNA was isolated from a germinated Phaseolus vulgaris seed using an RNeasy Mini Kit (Qiagen, Foster City, CA). cDNAs were prepared by reverse transcription polymerase chain reaction (RT-PCR) using the SuperScriptIII first-strand synthesis system (Qiagen). The cDNA encoding Phaseolus vulgaris phytohemagglutinin was amplified by PCR using cDNA from Phaseolus vulgaris seeds as a template and the following primers:
Forward primer: 5′-GAATGCATACATGGCTTCCTC-3′; Reverse primer: 5′-TGGTTTTTGGAGTCTAGAGG-3′.
Amplified DNA was inserted into the Sma1 site of pBlueScript II SK(+) and nucleotide sequence analysis performed on a PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA). The amino acid sequence deduced from the cloned cDNA was almost identical to that reported previously (P05088) except that Ala88, Ser89 and Pro90 are substituted with Ser, Phe and Ala, respectively (Supplementary data, Figure S1 ). The amino acid sequence is numbered to include the signal sequence throughout this study. The sequence of PHA-E from Phaseolus vulgaris seed has been deposited in Genbank with accession number AB823629. A novel glycan recognition mode by PHA-E lectin N-terminal amino acid sequencing Ten micrograms of PHA-E dissolved in 50 mM ammonium bicarbonate buffer ( pH 8.4) was blotted onto a polyvinylidene difluoride (PVDF) membrane, which was then washed with 0.1% formic acid, dried with nitrogen gas and analyzed by 494 Procise cLc (Applied Biosystems).
Electrospray ionization mass spectrometry analysis Electrospray ionization (ESI)-MS of intact PHA-E was performed using a QStar Elite quadrupole-time-of-flight mass spectrometer (AB Sciex, Forster City, CA) equipped with a Nanospray Tip (Humanix, Hiroshima, Japan). Deglycosylation of PHA-E by peptide:N-glycosidase F (PNGase-F) was performed as follows: Five micrograms of PHA-E was mixed with 500 units of PNGase-F (New England BioLabs) and incubated at 37°C for 2 h. PNGase-F-treated and -untreated PHA-E samples were desalted and concentrated using a self-made C18 (3 M Empore high-performance extraction disks) Stage Tip. Eluted protein samples were diluted with 70% (v/v) acetonitrile and 0.1% (v/v) formic acid to a concentration of 20 pmol/μL and directly transferred to the mass spectrometer. MS spectra were deconvoluted using the Analyst QS software (AB Sciex).
Crystallization and structure determination PHA-E protein was dissolved in 20 mM Tris-HCl buffer ( pH 8.0) containing 100 mM NaCl, 5 mM MnCl 2 and 5 mM CaCl 2 at a concentration of 10 mg/mL. The monogalactosylated glycan ligand, Gal β1-4GlcNAcβ1-2Manα1-3[GlcNAcβ1-2-Manα1-6] Manα1-O-tert-butyldimethylsilyl, was added to a final concentration of 2 mM.
All crystallization trials were performed by the sitting-drop vapor diffusion method. The initial condition was found by screening using Index (Hampton Research). Diffraction quality crystals of the ligand-free form were obtained under the condition of 0.1 M citric acid ( pH 3.2), 20% (w/v) PEG 6,000. The crystals grew in space group P4 1 2 1 2 with unit cell dimensions of a = b = 68.9 Å and c = 262.3 Å. The bromide derivative crystal was obtained by soaking crystals in a reservoir solution containing 0.4 M sodium bromide for 1 min prior to flashfreezing. Crystals of the protein complexed with monogalactosylated glycan ligand were obtained under the condition of 0.1 M bis-tris (pH 5.5), 2.0 M ammonium sulfate (Index #3). Crystals grew in space group C222 1 with unit cell dimensions of a = 76.6, b = 196.2, c = 98.7 Å. Crystals of the protein complexed with bisected glycan ligand were obtained by soaking 10 mM bisected glycan solution into crystals of the protein complexed with galactosylated glycan. The replacement of the bound ligand was confirmed by the absence of electron density from the Gal residue in the map.
Prior to X-ray diffraction experiments, crystals were soaked in a reservoir solution containing 20% (v/v) ethylene glycol and then flash-cooled in liquid nitrogen. X-ray diffraction data were collected at beamlines BL-17A and AR-NW12A at Photon Factory (Tsukuba, Japan). All data sets were processed and scaled using HKL2000 program packages (Otwinowski and Minor 1997) . Phase determination of unliganded PHA-E crystal was performed by the single anomalous dispersion method at 2.45 Å resolution using the bromide derivatives with PHENIX (Terwilliger et al. 2009 ). Automated model building was subsequently performed by Buccaneer (Cowtan 2006) . Phase determination of the protein/ligand complex crystal was performed by molecular replacement using unliganded PHA-E with MOLREP (Vagin and Teplyakov 2010) . Further model building was performed manually using COOT (Emsley and Cowtan 2004) . Refinement was carried out using REFMAC5 (Murshudov et al. 1997) . The stereochemical quality of the final models was assessed by MolProbity (Lovell et al. 2003) .
Data collection and refinement statistics are summarized in Table I . All figures were prepared with PyMOL (DeLano Scientific LLC). Structural superposition was performed with SUPERPOSE (Krissinel and Henrick 2004) . The atomic coordinates and structure factors have been deposited in the PDB (PDB accession codes of unliganded form, galactosylated glycan complex and bisected hexasaccharide complex are 3WCR, 3WCS and 3WOG, respectively).
STD-NMR analysis
PHA-E (0.45 mg) in the presence of pyridylaminated oligosaccharide (2 equivalent) was dissolved in 200 μL of 5 mM TrisHCl buffer ( pH 8.0) containing 25 mM NaCl in D 2 O. NMR spectra were recorded using a DRX-500 spectrometer equipped with a cryogenic triple resonance inverse probe. The probe temperature was set to 35°C. Saturation of the protein signal was performed by irradiating at −2 ppm with a 50 ms Gaussian pulse train 60 times (on resonance), and reference spectra were obtained by irradiating at 40 ppm (off-resonance). The on-and off-resonance spectra were collected in an interleaved manner and accumulated into two different data sets. 1 H-chemical shifts (ppm) were referenced according to an outer standard chemical shift of 4,4-dimethyl-4-silapentane-1-sulfonoc acid (DSS), set at 0 ppm. NMR data were processed with the software XWIN-NMR (ver.3.5) and the spectra were displayed using XWIN-PLOT (ver.3.5).
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